Abstract: In the search for neutrinoless double beta decay, understanding and reducing backgrounds is crucial for success. An advance that could drive backgrounds to negligible levels would be the ability to efficiently detect the barium daughter in 136 Xe to 136 Ba double beta decay, since no conventional radioactive process can produce barium ions or atoms in xenon at significant rates. In xenon gas, the barium daughter most likely survives as a dication. An approach under development by the NEXT collaboration involves transporting this ion from the active medium onto a coated transparent plane supporting a barium-sensitive fluorescent dye, monitored via fluorescence microscopy. Upon exposure to a barium dication, the dye will begin fluorescing, which, when correlated with the detection of a double electron signal at the anode, would confirm double beta decay. Our results have shown that a single barium ion can be resolved via Single Molecule Fluorescent Imaging (SMFI). The next challenge is a realization of this technique within in a large volume of xenon gas. Significant advances have recently been made: custom barium-tagging molecules that fluoresce strongly in the dry state when exposed to barium have been demonstrated, and devices constructed that can observe fluorescence via in-vacuum or in-gas Total Internal Reflection Fluorescence Microscopy. We present the status of this technique and the outlook for barium tagging with On-Off switchable fluorophores, including new results with a Ba 2+ -selective dye that functions under our desired conditions in the visible region and with single ion sensitivity.
Introduction
The search for lepton-number violating nuclear processes is a topic of great experimental interest. If such processes are observed, it would imply that the neutrino has a Majorana nature [1] -that is, it is its own antiparticle. One of the strongest candidate processes is neutrinoless double beta decay (0νββ), N A X → N A−2 X + 2e − [2, 3] . Observation of this decay show simultaneously that lepton number must not be conserved in nature; there exists new physics beyond the standard model allowing for the lightness of neutrino masses [4] ; and that leptogenesis is a possible mechanism for creating matter-antimatter asymmetry in the early Universe [5] . Of interest in this regard is the decay of 136 Xe to 136 Ba. The quest to detect 0νββ from 136 Xe has led to the development of a host of detector technologies allowing for increased sensitivity and background reduction. This is due to the extremely long limits placed on the lifetime of 0νββ, on which present experiments using xenon place the lower limit at 1.07×10 26 years [6] , with current theoretical models predicting that it could be far longer [2, 3] . Detection of such a rare process is a difficult prospect, requiring precise detectors with sufficient shielding from cosmic radiation, excellent radio-purity, and extremely signal-selective identification techniques. One possible technique to reduce the background to negligible levels would be the ability to detect the daughter ion produced from 0νββ [7] in coincidence with energy resolution better than 2% FWHM [8] to reject the two-neutrino mode background, possibly further enhanced with topological identification techniques [9] . High pressure xenon gas appears to be an especially promising medium for satisfying these diverse requirements [10] .
The NEXT collaboration [11] is currently developing single molecule fluorescence imaging (SMFI) [12] techniques to efficiently tag the barium daughter dication from a 136 Xe double beta decay as a way to suppress radiogenic backgrounds to vanishing levels. This method was first outlined in Ref [13] and further developed in Ref [14] . Through the use of SMFI, it has been demonstrated that imaging of individual barium ions is possible using commercially available chemosensors in the FLUO family [15] , which are comprised of a carboxlylic acid based barium binding group connected to an on-off switchable fluorophore, fluorescein, via a nitrogen "switch." Upon binding barium, the molecule transforms from a non-fluorescent state into a fluorescent one, and can be resolved at the single molecule level. Fig. 1 shows individual barium ions resolved spatially with 2 nm super-resolution (left), and identified as single molecule emitters via their discrete photo-bleaching processes (right).
Due to the nature of the final detection environment, the fluorophores and microscope configurations employed in Ref. [15] must be augmented in order to realize a barium tagging system operable in xenon gas. These augmentations have been the subject of an interdisciplinary research effort between the physics and chemistry departments at the University of Texas Arlington. Particular areas of focus have been the development of a molecule capable of on-off fluorescence upon chelation of barium in the dry state, a technique for transporting the barium ion to the chemosensors, and a microscope operable within a high pressure xenon gas vessel. This proceeding presents the current status of these efforts. 
Novel Fluorophores for Dry Applications
The limitations of the FLUO dyes for dry barium sensing include that the receptor uses carboylic acids that must deprotonate to accept dications, and that the fluor undergoes configurational changes between ground and excited states that are suppressed in dry conditions. In Ref [16] , we proposed, synthesized and demonstrated custom-made crown-ether derivative fluorophores for dry barium ion sensing. The receptor group 18-crown-6 has shown high selectivity towards barium in the past and does not require deprotonation in order to bind, suggesting promise for dry function. As such, its azo-derivative was identified as a promising receptor for dry fluorophore design that could also regulate the photophysical state of a neighboring fluorophore. The switchable fluorescent group coupled to this receptor must also respond dry, for which small, rigid aromatics as the ideal candidates.
Of the candidate crown-ether / dye combinations explored, 18c6-py (18-crown-6 bonded to pyrene) and 18c6-an (18-crown-6 bonded to anthracene) showed the strongest barium-sensitive response, which was demonstrably maintained in the dry phase and compatible with fluorescence microscopy techniques. While the anthracene species had more amenable properties, both pyrene and anthracene require UV excitation. This introduces intrinsic challenges due to ultraviolet excitation of background fluorescence in glass and quartz, and generation and steering of sufficient laser output power at short wavelengths. Furthermore, pyrene and anthracene are highly photo-stable, which removes the tool of photo-bleaching, a vital property for identification of single molecule candidates with our previously demonstrated approaches. These properties presented sufficient hurdles for single ion detection that a subsequent phase of fluorophore development was instigated, culminating in the dry-compatible system with single ion resolution described below.
Our goals in continued chemosensor development beyond Ref [16] include moving from UV to visible excitation; continued improvement of the response difference between a barium sparse and barium enriched sample; re-introduction of photo-bleaching effects; and enhanced selectivity towards barium vs other ions. Specifically, any residual monocation sensitivity would be very problematic for implementation in a gaseous 0νββ experiment due to possible chelation, even at a sub-leading level, with Xe + . To this end, we extended the 18c6 family of Ref [16] to include a new molecule, 18c6-nap, built according to the same principles but using naphthalimide as the fluorescent group. The structure of this molecule is shown in Fig. 2 .
As shown in Fig. 2 , 18c6-nap shows a strong barium response in the visible region between 500 and 620 nm and excitation peaking at 464 nm in non-aqueous solvent (acetonitrile). This large stokes shift is especially promising for fluorescence microscopy. Comparison of the response to other ionic species (Fig. 2, right) , shows strong selectivity. Unlike in the FLUO family, here barium out-competes calcium roughly four to one, and mercury is the only competitive species tested, likely due to its similar ionic size to barium. Dications of other ions are very unlikely in coincidence with a double beta decay event, and no monocations produce a significant response suggesting that Xe + will not be a concern. This property represents an important advance in the drive toward molecules suitable for single barium ion detection in xenon gas.
Having established the promising nature of 18c6-nap spectroscopically, we proceeded to single molecule-level tests. Using a similar technique to Ref [15] , a poly-vinyl alcohol (PVA) gel matrix suspending barium enriched 18c6-nap was imaged using total internal reflection fluorescence (TIRF) imaging. A single barium ion image taken with our new dry-compatible molecule is shown in Fig 3, left, with the single-step photobleaching process that is the hallmark of single molecule detection shown in Fig. 3 , right. In this environment, 18c6-nap shows a considerably brighter response to single ions than the originally investigated dyes of Ref [14, 15] , with each spot showing an enhanced brightness by a factor of around 12 relative to backgrounds in previous work.
Notably, the PVA matrix still represents an aqueous environment. Ongoing work focuses on Activated glass + Linkers + Fluorophore Figure 4 : Progression of the number of EMCCD camera pixels capturing at specific intensities from cleaned activated glass (left), glass with the hydrocarbon linkers (center), and glass with 18c6-an attached, and activated by ions (right).
advancing to a technique for observing single molecules in a true dry state, as described in the next section. Furthermore, we find that 18c6-nap as a barium receptor has such a strong barium affinity that any naturally occurring barium backgrounds can often be bound to the dye during production, and are difficult to remove. While this behavior is ideal for the efficient capture of barium in xenon, the affinity between the ion and the dye is strong enough that commercially available non-fluorescent chelators such as BAPTA, EDTA and EGTA are unable to outcompete the dye for barium, unlike with previously explored fluorophores which could be "cleaned" with those compounds. As such, we are exploring both stronger non-fluorescent chelators and also weaker fluorophore binding groups, in order to out-compete the active fluorophore and realize a darker initial-state.
Construction of Self Assembled Monolayers
As described in our previous works [14, 16, 17] , our intention is to generate a self-assembled monolayer of barium responsive fluorescent molecules, rather than a set embedded in a thick matrix, as in recent studies. Adding surface-tethering groups for surface monolayer formation can interfere with fluorescence and binding, and thus for the single molecule studies described in the previous section we used molecules with fully formed tether groups attached to the receptor. Strong single molecule response was obtained with these fully functionalized molecules, representing an important step toward sensor development. By silanizing the surface of our glass coverslip and using hydrocarbon linkers to connect an unchelated 18c6 dye to the surface, we then evenly distribute the molecules into a uniform monolayer. In initial studies using 18c6-anthracene, clean glass, glass with the linkers attached, and glass with the linkers and chelated dye were studied using TIRF microscopy. The clean glass and silanized glass with linkers were shown to have very similar intensity profiles, well within experimental error of one another, whereas the glass with the dye attached and chelated to ions shows a much stronger intensity profile, as is shown in Fig 4. This work is now being advanced with 18c6-nap, with first results to appear in a forthcoming publication. 
High Pressure Gas Sensor Development
In addition to the development of suitable chemistry techniques, concurrent efforts are required to implement tools to extract and analyze the barium ions in high pressure xenon gas. There are two primary challenges-creation of a method to transport the ionized barium to the image scanning plane, and development of an imaging system that functions in high pressure environments at the single molecule level.
RF Carpet Development
The first challenge, lateral transport of the barium ions as they near the cathode, is being approached with high-pressure RF carpets [18] (these have some similarities to the "RF Funnels" explored by the nEXO collaboration [16] , but employing in-situ detection rather than gas flow and extraction to vacuum). Barium ions produced in bulk xenon gas are to be drifted to the cathode via a DC field [19] . Here, they will be levitated by RF waves and swept inwards towards the center where an SMFI scanning plane will be situated, with dimensions of a few mm 2 . R&D on RF carpet implementation in high pressure gases is ongoing.
High Pressure Microscope Development
The second technological challenge is the design of a high-pressure compatible microscope capable of detecting a single molecules. Due to the short working distance of high magnification objectives, both the scanning surface and objective must be present within the chamber. All electronics, including the electron multiplying CCD camera and the excitation laser can be housed externally, minimizing the number of elements that have to be made pressure compatible. A prototype of this concept has been constructed and tested, demonstrating high resolution fluorescence microscopy at pressures up to ten bar using 20x and 40x Olympus air coupled objectives, custom-modified in house to be robust against high pressures. A photograph of this setup is shown in Fig. 5 , left, as well as a calibration image of fluorescent microspheres in Fig. 5, right, showing excellent resolution at 10 bar and with fully external optics. The focusing of the objective is controlled by a stepper motor capable of micrometer incremental movement, and all optical paths enter and leave the vessel using sapphire windows. The next step in the development of this novel microscope apparatus will be to image individual molecules in high pressure gas, realization of which is ongoing.
Barium Tagging R&D in NEXT
We have demonstrated dry-capable, single molecule resolving, barium selective fluorophores for daughter ion imaging in high pressure xenon gas. We have also assembled a high pressure gas microscope system which is under optimization for single ion resolution. These components, in concert with a small RF carpet, comprise the "NEXT-GodXilla" program at the University of Texas at Arlington. The goal of NEXT-GodXilla is to demonstrate identification of single barium ion candidates impinging on SMFI sensors in high pressure xenon gas.
The results described in this paper are part of the NEXT R&D program on Barium Tagging which comprises activities in the USA, Spain and in Israel. In Spain, the approach to dry sensors is being pursued through the development of bicolor indicators, and two photon microscopy is being investigated as sensor scanning technique [20] . In Israel, and also in collaboration with CERNIsolde a decelerated Ba 2+ ion beam is under development. Systems designed to prove the transport and detection of Ba 2+ in gas are under development at UTA (GodXilla) and at the Canfranc Underground Laboratory (RITA). A program to develop RF carpets for concentration of ions to sensors in high pressure gases is ongoing, in collaboration with Argonne National Laboratory, where selected and decelerated barium ions from the CARIBU rare isotope breeder will be used to test ion delivery to SMFI sensors. In parallel, efforts to develop a movable ion capture system are underway in Europe and Israel.
In the medium-term, the NEXT collaboration plans to employ a single barium ion sensor within the existing NEXT-White [21] detector, once the NEXT-100 experiment [11] (presently in construction) begins taking data. To achieve this goal, R&D continues in order to overcome the remaining challenges involved in realizing barium tagging in high pressure xenon gas detectors.
